INTRODUCTION
Multicrystalline silicon (mc-Si) constitutes more that 50% of the total Si for photovoltaic (PV) applications and this share is expected to grow rapidly. The techniques for growing mc-Si by casting or by shaped crystal growth have been developed in the last 30 years primarily for solar cell applications to lower the wafer cost. Multicrystalline Si does not require seeding, and furnace designs are simpler that Czochralski (CZ) or float-zone (FZ) methods; therefore, the cost of casting and ribbon growth techniques is considerably lower. Also, mc-Si is produced from a lower-grade feedstock, consisting primarily of reject and out-of-spec material from the microelectronics industry. Consequently, the mc-Si wafers contain high concentrations of impurities. The lower material purity does not impact the quality of the ingot to the same degree as in CZ and FZ methods. But, because mc-Si material is grown very rapidly, the ingot experiences higher thermal stresses, accompanied by high defect densities. Dislocations are the primary intragrain defects. The impurities interact with defects during crystal growth, which leads to a very strong influence of defects on the cell performance [1] . This paper presents theoretical and experimental results of our studies to determine the performance limitations set by defect clusters (DCs) in mc-Si solar cells. DCs in mc-Si wafers are manifested as spatially localized, large regions of high dislocation density, around grains of certain preferred orientations. The presence of DCs has a strong influence on the material properties and cell performance. The objective of our comprehensive study on DCs is to understand their nature and their influence on cell performance, and to assess the performance improvement that can be realized if the influence of DCs can be eliminated. The effect of grain orientation on the defect density is also investigated. Finally, we explore possibilities of eliminating the formation of defect clusters during crystal growth or treating them during cell processing to minimize their electronic influence.
CHARACTERIZATION OF DEFECT CLUSTERS
As-grown mc-Si wafers have high concentrations of C and/or O. They also contain transitionmetal impurities (e.g., Fe, Cr) in levels reaching 10 14 cm -3 , which are detrimental to the minoritycarrier lifetime. Typically, the average minority-carrier lifetime of as-grown material is < 10 µs. The average defect density of current mc-Si wafers is about 5x10 5 cm -2 . But, a unique feature of current mc-Si wafers is that they contain "defect clusters"-crystal defects that clump together, forming extended defected regions that remain separated from each other.
A detailed structure of a defect cluster can be delineated after wafer polishing and defect etching [2] . Figure 1a is an optical micrograph of a defect-etched, cast mc-Si wafer showing dislocations piling up in a defect cluster that extends over several grains. Similar clustering is seen in ribbon material. Typically, the fractional area of the wafer covered by defect clusters is about 5%-10% for a high-quality material; lower-quality material may have a higher-percentage area covered by defect clusters. On a larger scale, clustering of defects can also be observed on defect maps generated by the commercial instrument PVSCAN. An example of such a map, acquired for a commercial 4.25-in x 4.25-in mc-Si wafer, is shown in Fig. 1b . This map reveals that the majority of the wafer has a low (and much of it nearly zero) dislocation density [3] . The average value of the dislocation density is about 4 x 10 5 cm -2 . The presence of defect clusters can be seen as light regions in this otherwise very low defect density material. These regions can have defect densities as high as 10 7 cm -2 .
Defect clustering occurs during crystal growth when local thermal stress exceeds yield stress of some preferred grain orientations, causing the stress relief through local generation of defect networks. Defect clusters also serve as internal gettering sites for metallic impurities, and they often result in impurity precipitation at these sites [4] . Figure 1c depicts a cross-sectional transmission electron microscopy (TEM) image of such precipitates in a DC region; other researchers also observed similar precipitates. Precipitation of impurities at defect clusters is of particular concern, because it is now known that precipitated impurities are difficult to getter by the techniques used in the PV industry (namely, P diffusion for junction formation and Al 
FORMATION OF DEFECTS
In a mc-Si casting or ribbon, the grains with orientations of lower yield stress respond to the thermal stress by generating dislocations. As the dislocations are generated, the stress is relieved. This allows other grains to escape dislocation generation. To study the correlation between crystal orientation and dislocation density, we had to acquire grain-orientation maps. We used a laser scanner to map grain orientations ( Fig. 2) for wafers originating from various sections of an ingot. After calibration, such maps are compared with defect density images. Our initial study suggests that dislocations are generated in grains represented by blue and violet orientations [5] .
ELECTRO-OPTICAL RESPONSE OF A CELL WITH DEFECT CLUSTERS

Modeling
The influence of defect clusters on the electro-optical response of a cell can be evaluated using a network model. In this model, we consider a defect cluster as a localized, large defect that propagates through the entire cell (crossing both the base and emitter regions of the cell), as illustrated in Fig. 3a [6] . Because of very high recombination and large size, one can ignore internal carrier transport and band bending associated with each defect cluster. The defected region acts as a "poor" device in the spatial distribution of the total cell.
The modeling requires two steps. First, each device is represented in terms of the recombination properties associated with its defect density, which yields values of photo-generated current density (J ph ), minority-carrier lifetime (τ), and dark saturation-current components J 01 and J 02, corresponding to the bulk and the junction recombination, respectively. Next, the diode array is interconnected using resistive components corresponding to the sheet resistivity of the junction and the metallization pattern. The network is solved to yield the terminal characteristics of the device, as well as distribution of local currents and voltages for any given terminal voltage.
In the network model for defect clusters, we basically have two kinds of diodes: a defect-free diode and a defected diode. The characteristics of each diode can be expressed in terms of the photocurrent, J ph , and two exponential components of the dark current, J dark , in a standard form as [7, 8] :
where i denotes a diode index and J 01 .and J 02 represent the saturation currents. The total current through a diode, J i , is then given by:
The values of J ph i , J 01i , and J 02i can be estimated from the experimental measurements. For example, we select one cell and make an estimate of J ph values for defect-free and defected cells based on laser-beam-induced current (LBIC), or long wavelength, responses and cell currentvoltage (I-V) plots. However, J 01 and J 02 cannot be determined from the cell itself. We have built a library of J 01 and J 02 values for a variety of different materials and for different defect densities, using a diode array technique described in Ref. [9] . Edge-passivated, mesa diode arrays are fabricated on wafers and their electrical characteristics are probed. The device characteristics and their defect data are compiled and used as input in our model. These data result in excellent agreement between calculated and actual terminal characteristics of the largearea cell (as seen in next section). It should be pointed out that the network model we have developed assumes no internal carrier transport-the communication between the devices occurs via a highly conducting emitter region and the bus bar.
Solar cells with measured dislocation distributions were simulated using our network model. Typically, 3000 individual diodes were used to represent a single large-area solar cell. Figures 4 In Fig. 5 , open-circuit voltage (V oc ) and short-circuit current density (J sc ) are presented as a function of the relative area covered by defect clusters. For comparison, measured values of V oc and J sc are also included. The parameters of an ideal solar cell, which does not exhibit any active defect clusters, were extrapolated from the obtained data points of Fig. 5 . We found that the extrapolated ultimate values for an ideal cell were V oc = 615-620 mV and J sc = 31 mA/cm 2 . It is important to point out that these values depend strongly on the initial material properties and cell processing.
Our network model provided detailed information on the spatial distribution of voltage and current over the entire cell for a given terminal voltage. Figure 6 depicts results of our simulation for a 4-in. x 4-in. cell whose LBIC map (at λ = 0.98 µm) is shown in Fig. 6a (identifying defect clusters). Figures 6b, 6c, 6d , and 6e present spatial distribution of the direction-of-current flow at forward terminal voltages of 0.500, 0.505, 0.515, and 0.525 V, respectively. The green color indicates a forward current and red color indicated a reversal in the current flow. Thus, defect clusters can cause a local current to flow in the opposite direction, causing net internal energy dissipation at the DC sites. 
Experimental studies
To measure the effect of defect clusters on cell response, the following experimental procedure was used. Sequential mc-Si wafers were obtained from different vendors, and alternate wafers were processed into cells. The unprocessed wafers were used to obtain dislocation/grain boundary maps by PVSCAN, and grain orientation maps. This information was used to determine average area coverage by DCs and to establish a relationship between DC locations and grain orientations. The processed solar cells were characterized by dark and illuminated I-V plots, and by photoresponse mapping. These results confiremd that defect clusters can produce shunts in the device. To further investigate shunting mechanisms, we performed thermal and electroluminescent imaging of the cells and compared them with defect and LBIC maps. Some Electroluminescent maps in Fig. 7 clearly revealed the material's nonuniformities. The location and size of active defect clusters can easily be determined. A very good correlation between LBIC and electroluminescent maps was found for cells with both good and bad performance.
Another useful and complementary approach to investigate the influence of DCs is to examine the electronic characteristics of the entire cell by dissecting the dark and illuminated I-V plots.
Here, we show some results of deriving important parameters that characterize the behavior of a cell by fitting the experimentally measured dark I-V plots with the theoretical two-diode model (i.e., applying Eq.
[1] to the entire cell). It is important to recognize that we are obtaining lumped parameters of a distributed device. This procedure yields J 01 , J 02 , series resistance, and shunt resistance of each device. The quality of the fit can be determined by regenerating a theoretical I-V plot and comparing it with the experimental plot. Figures 8a and 8b show the values of the parameter values determined by this procedure for two cells described in Fig. 7 . Figure 8 also shows that the theoretical and experimental I-V plots have excellent agreement. One can see that the higher-efficiency device, which contains a lower density of DCs, has lower values of J 01 and J 02 , a lower series resistance, and higher shunt resistance.
CONCLUSIONS
This paper presents a combination of numerical and experimental methods that were used to characterize defect clusters in mc-Si solar cells. In particular, we described a defect-generation mechanism, grain-orientation effect, interaction of defects with impurities, effect of defect distribution on cell performance, and shunting mechanisms associated with defect clusters. The dependence of dislocation density on grain orientation is very interesting and lends itself to a well-known observation: cell performance depends on the location of the wafer within the ingot. A comparison of the orientation and dislocation maps shows that dislocation distribution mimics the orientation distribution. This result has very important implications on potential methods to minimize the formation of dislocation clusters.
Experimental and numerical results both show that defect clusters are regions of low minoritycarrier diffusion length and local shunts that cause dissipation of energy internally within the cell. There is good agreement between theoretically predicted parameters of cells with defects and corresponding experimental data. We also found that the best solar cells from commercial vendors performed nearly as well as predicted by the theoretical model that does not have any active defects. The best cell performance was limited by the impurities in the material.
The salient results of our analysis are the following: (i) Defect clusters are the primary sites of impurity precipitation, and hence, are not gettered by conventional gettering treatments of P diffusion and Al alloying.
(ii) Defect clusters act as shunts, creating "internal sinks" that dissipate power within the cell. (iii) The loss depends on several factors-the nature of the impurity precipitates, distribution and total area of defects compared to the cell area, quality of the base material (the regions with no defects, in which cell performance is limited by the dissolved impurities only), and cell processing technology. (vi) In a typical cell, the defect clusters produce an efficiency loss of 3 to 4 absolute percentage points in efficiency. To recover the efficiency loss caused by cluster defects, it is necessary to either eliminate them during crystal growth or getter precipitated impurities at DC sites. The information gathered on defect clusters suggests potential techniques that can minimize defect cluster formation and/or dissolve precipitated impurities at temperatures and times that are compatible with solar cell fabrication; these techniques offer the potential to raise efficiency of mc-Si solar cells to >20%. An intuitive approach to mitigating the influence of defect clusters would be to dissolve the precipitates by a high-temperature treatment prior to or during gettering. A new approach, recently developed at the National Renewable Energy Laboratory, dissolves impurity precipitates by using vacancy injection to lower the temperature needed for precipitate dissolution.
